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E58: 992 E%4H4-vinylphenyl boronic acid, VPBA)} N,N'-dimethylaminoethyl methacrylateq(DMAEMA) 54
pH W3l wg} #5717F @438 =, VPBAE 1,2- & 1,3-diol@ pH 8 o)iollA Ff4ag o] 7153,
DMAEMA<= pH 7 ©]&fellr] 421 g o2 o|estelo] FH7]4 Q19e =g & k. o]& viges 2 dF
4= VPBA, DMAEMAS Awo= sz A28k Q1Ad S22} phospholipid polymer(PMDV)E /3811,
1,2-diol# 7H3A71E FAl0l 7HAE EAMIo]E(alginate, ALG)SH 374 PMDV/ALG sto]=242 Alzs3ict.
PMDV &90] pH 3% 7-F-, DMAEMA®} ALG7H] o243, pH 79A= VPBAS} 1,2-diolZFe] 3+ 2% 2
o]2A%, pH 9lMe T-HATTER sloj=rAdo] FHHFS HonHE S8l st gk Zzke] A A
&= NaCl(150 mM) EE FFI5(1 M)E 53] PMDV/ALG 3slo]=24 &2 22153th. Layer-by-
layer(LbL) 3ZH o2 PMDV/ALG th dlo]mgd W ALGSt VEGFZH] 313188 o]-&3fd pH 794 LbL 3

F0e Bol Buide] BAE UE slolmmdl Az 0 WS Asidth. B 7S B, LbLyel o8 o g
A Zo) 913 WSk 2 9E Aol B FEEe BT 5 Uglon], AR A5 sleza iy olag

tlute] 2o ALgE §= )71E 7Ih )

Abstract: 4-Vinylphenylboronic acid (VPBA) and N,N'-dimethylaminoethyl methacrylate (DMAEMA) are pH-sensitive
compounds; VPBA can bind to cis-diol compounds above pH 8 to form covalent bonds, while DMAEMA unit is acti-
vated to quaternary ammonium through ionization below pH 7. In this study, a phospholipid polymer (PMDV) composed
of VPBA, DMAEMA, and 2-methacryloylphosphorycholin was synthesized and reacted with alginate (ALG) to form a
hydrogel, which is a polysaccharide comprising two repeating carboxylated monosaccharide units. The hydrogel was
characterized using a rheometer (for gelation and gel dissociation), FTIR, and SEM. Furthermore, multilayered hydrogel
was fabricated by PMDV and ALG via layer-by-layer (LbL) method. The affinity between ALG and vascular endothelial
growth factor (VEGF) was exploited to load VEGF into ALG layer through LbL method, which was confirmed by SPR
analysis. The driving force can be controlled by changing the pH for the fabrication of PMDV/ALG hydrogel for appli-
cation in drug delivery system.

Keywords: polymer, pH-responsive, hydrogel, alginate, surface plasmon resonance.
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7 'd B E2}(4-vinylphenyl boronic acid, VPBA) pH 8°]
delAM, 12-5 1,3-diol? -2 cis-diols2 22 gl 7}
et RtEE EEA )’ ojf] AL FFELe e
thdFete] Age] 7Fsete] 9 skl o) JdedS
Eohe Y A2He R A% STh!

Q1=]d 1E-Z}(phospholipid polymer)= Al2Z=F 14 A&
% 3¢l phosphorylcholine (PC) &S 71AH, B]E0| 3]
chiide] 9 52 Asfof ol AP, AlE B 27 Yo
S ¥ A%t 5 AARIsP o] Hold A2 deA ek
sto|=2Ax Adaia 8714 18-S o8sAL VPBA
o} cis-diolZFe] 7t 4 F-f AT o83 slo| =24 59
A Ha7F AT E3], poly(MPC-co-BMA-co-VPBA)
(PMBV)&} poly(vinyl alcohol)(PVA)E- layer-by-layer(LbL)2
FTHE ol&sle] te slo|=2A4 Azl gk A Fol W
FHJG 1 PMBVE] A4, 272 548 7= n-butyl
methacrylate(BMA)Y} 253 AR 2521 8H (paclitaxel,
PTX)S TE3A1Z 4= 9o, LbLH S Z PTX o= HAS
o] X E sl o WE B AlE A A7t 7SSt
ATE TS0l ¢4 PMBVE] BMATAL dihel] 33} ofgl
I1%< 7FAE  N,N-dimethylaminoethyl —methacrylate
(DMAEMA)Z o]-&3le] VPBAS] 3§ ZAgHEn oz} o]
2S4S o8 F A= AAFE ZEA poly(MPC-co-
DMAEMA-co-VPBA)YPMDV)Z K331t} £3], 4Auo]
E(alginate, ALG)E ©]-&3le] pH 794 slol=24 Az 2
LbLAZTHS 58 U5 slo|=24 H7} 5ol o]Fojxh”?
ALGE YwbH o 2 72 F (brown seaweed)ol|A] FEE+= &
ol A IEAR, @& AW 54, Ca¥ 22 27} 4ol
3] A3t 5o 54o] leH, ALGE 1.2-diol} 7HEA
715 EAle 7™ &3 9] 791 R (vascular endothelial
growth factor, VEGF)%} %18}&o] £o} VEGF g £4 &
S 2% AME7|E gth PP gk VEGE WEAlolE B8l &
FhJJF)M 3 (human umbilical vein endothelial cells, HUVEC)
37 Exlo] 7Fs381 . DMAEMAE PMBV/PVA 3ko|=
2A} ge] T ke A) gy 22 g4 7
gk sfol=2Ao] B Zo =7 A7t}

2 AFo4= DMAEMA®] pH TS o]&ste] o
g pH H$ollA PMDV/ALG 3lo| =24 A %3l 7kns
dol] AREE EAZE AgS ERIsK. B pH 7014 LbL
5L 0|83 tF slol=24 3 ALGS] VEGF &4
Fs/doll thali A= Eelal] B tct,
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Figure 1. Structure of PMDV and ALG used in this study.
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X =E. DMAEMA®} VPBAE Wako Pure Chemical
(Japan)oll A w3191 2™, Alginate(ALG)$} recombinant
human vascular endothelial growth factor(thVEGF165)+&
Sigma-Aldrichol|A] ettt ZE A2k extra-pure 5+
S AHgaliom, mE gA|ste] ARESHA] ottt & Akl
A AHEE 9XF 782 PMBVY 2 PMDVE" o]l 1B
2 WhHo 7 FAERIT). Figure 19 AREE PMDVE} ALG
9] FZE =AIEIATH

PMDV I:EX} LHe| 224+ 48t HWIt. pH Wslel] we}
PMDV W ¢] VPBA &/43l=E 7431t 0.01 N HCI=
0.01 N NaOH §-91& PMDV £ ulo] H7}ste] pHE R
AMEE W0 UV MM ERREE 7 5 535268
nm)E S5t S4E FE=E A (1) ol&std 24
SI= g5 Attt

B, (%):Mxloo (1)

ton Abs.5—Abs.gy

Abspr= pH 1914 2] S35, Absp= pH 14904 4=
Fg=o|tt Tt gbs= FoI%] pHAlA O] S|t}

PMDV/ALG SIO|ERR XM= % DEZX| &9l PMDV
FENE pH3, 7, 9914 50 mg/mLe] F==2 Z}zF e,
ALGE DWell =9 15 mg/mLe] F=2 A|Z3sI3 . pHol
w2l PMDVSF ALGE [ mL 4J0] slo]=248 Ve
I o]%, AA|F Lo Yo dHS E F FE AXAIA

SEM(scanning electron microscope, SM200, Topcon, Japan)
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Figure 2. Change in the fraction of borate anion as a function of pH
for phospholipid polymer with or without DMAEMA groups. Open
circle (0): with DMAEMA; closed circle (®): without DMAEMA.

& &S EITH

FTIR 3. 7} pHE = ¥H=01%] PMDV/ALG 3&lo| =24
S 52 AN F, KBr#d @ pallet FEjZ THE o
Fourier transform infrared spectrometer(FT/IR-615, Jasco,
Japan)Z I 650-4000 cm™ ®H oA SAE A

PMDV/ALG Sl0|E2Re| HEH] |4 HIL. pH 3,7, 9
273914 PMDVe}L ALG slel =240 ey 5788 5l
Asl g A Fajof sl @ .2 v E(Rheolograph-Micro,
Toyoseiki, Tokyo, Japan)s ©|-8-3ld ZA3IATh AH8-H 4
£ PMDV(5 wt%, 0.75 mL)2} ALG(5 wt%, 0.75 mL)g =
A4 Edlo]=(vibration blade) YZolA HHel FA] =5}
Aot B EE 2 X(elastic modulus, G2 A EET X
(viscous modulus, G")7} 71 =T} &AL 894 F F,
A A|7F o] %, NaCl(150 mM, pH 3) == | M FFIAE
ARgste] 7t pHE R JA4E slel=2d o) ¢ "9 WstE
gl

Mz slojl=2™ BH 24 ¥4 X2E by 39 9
o pH(3, 7, 9E=E TH=0] ¥ PMDV 4~8-(50 mg/mL)Z
ALG F89(15 mg/mL)S LbLY o2 ol A& ). 2t
SHE AYE UG AXARR] F XPSE W H4 #A4S
aFiet.

Surface Plasmon Resonance(SPR) 3. tl5 slo|=
27 Yo vhd viazol tigh 1S $J3ll SPR(SPR-670M,
Moritex, Japan) ©]-&3to 45ttt 489 PMDV<}

T o i
ALG/VEGF= 02 wit% 52 TFE37, Au 7|3 289} A
A T AT

a0 H EE

pHOIl [HE VPBA &M 5} VPBAE pH 8 ©]/dollx] 24
StEAA 1,2, 1,3-diolZ T-FA3S FAsa dEA A
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Figure 3. (a) Schematic depicting the structures of PMDV/ALG
hydrogel in different pH. (b) Digital images; (c) cross-sectional
SEM images of PMDV/ALG hydrogel formed at pH 3, 7, and 9.

o 2 AT FdE ol 152 7HAAL = PMDVE)
735, DMAEMAGC] 2J&f] B2+ o] ulA| pH 3742 ¥
37} 7¥sslt). olo] wel, pH 3~11 oA =2 823t
o] BELF o]e] &3t A=E S AFE Figure 2
o] Jel It PMBVE DMAEMA 4l BMAR 7A€
FEAR ol 1 WE HYolE o] 43} HwE ¢
8l AR&-E AT} Figure 2 A3ollA HoixE ZAAH, PMBV
o] 3% pH 7 o139l 100%el 77He- B =S Bt}
olof] ¥kall, PMDV+E pH 5 278 E43=0o] IS &
I 9t} ©l== DMAEMA®] %98 ol VPBA2S] o|23}7}t
] 7] wfto|c

PMDV/ALG 8t0|EE2H 7}, Figure 3(a)llE dlo|==
Aol 7IwE F=T & Ae BARE A A ol
Ag-S A8 FA Figure 3(bells F 5898 4o 5
o] sfol=2A FEE RfFa 9t} pH 32 79 sle|==
AL gdotsH 2oz Fe 2 FA o] IS & 9
WA, pH 99] A5, 32+ FH| 9| sto]=2Alo] =)
Figure 3(c)olM = Thaoldl slel=2dS $247x A% %,
SEMS F3ll @S st Ajoltt. pH 33 pH 79 3fo]
=242 Figure 3(b)ellA 33 AAH FFskal gt 7]
FE0] FAgEo] UL T 4 U AT, pH 99l
A& Figure 3(b)ellA] Hole ZAAH sto|=2Ae] 7] g-E50]
oliFo R T2+ PuHE FAAE AUt VPBASH ALG
7ve] FHAS vtegE wiksly 22Uk deje slo|=24
gAo] A gk Aoz AztE.

Figure 4] pH¥ PMDV/ALG 3&l°|=24¢] FTIR =8 E
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Figure 4. FTIR spectra of PMDV/ALG hydrogels synthesized at
pH (a) 3; (b) 7; (©) 9.

2L YeRfigith 2t pHE 2 A|ZH PMDV/ALG 3Slo|=2
AL T4 Ax F A} A3l Yehd 23", PMDV
°] DMAEMAE pH 3, 79141 42} €54 ©]2(965 cm™)&
2 BAslE A, oldf] sfigsls F A7 pH 9dlA] ERIEA] ¢
2 710 F Hol DMAEMATE 33} ofYl 1§ e =7t EX)
sh= o2 vhaEth Mgk oA A E pHell tE VPBA
259 EslE HH pH 73 9oll4] BRU|0|ER EshE
S & g AT o]AL ALGee] AjHS E3) boroxol
ro = ZIBY] A 1337 em'ol] eFelA|RE AW g 9AE ¥R
g AU

PMDV/ALG sl0|=E2H 2| HEH #Jt. PMDV/ALG 3
ol=24e pHYl| wet PFTFRE A= AR A
< YEAE T3l FIskiITH(Figure 5). PMDVel ALGE=
3z} FRTE ARSI 8 FHiE THEQ1AL, HCL, NaOH
£ ol&slo] 7t pHE Yo] ARESISITE. Figure S(apl= pH
39 #lF3l= PMDV/ALG slo|=249] A3 Jepfiar ¢l
th ¥ BREdX(@)d A4 EEYE(G)e T LA &
NG 42 F A7k mt wiskstal ¢ Grol wabEe] ¢
o] Eolx|= wol] AsE S 1 & 5 AU Figure
5(b)2lIA1= 150 mM NaCloll =21 ALGS} PMDV 892
e 73, stol=2Ao] FAHA| kokon, Gro] 27]e=
A AR o2 Ik AL & F U B3 @
2 AAE] FTHEANE (U FAE AR FTHEAE &
Qkt}. o] pH 394 PMDV/ALG 3lo| =24 S A7 7]4
Ao oz W F27F FAE ks AL YERAT Figure
5(celrE pH 79142] PMDV/ALG 3lol=24e] A3=E B
oF3 o H, Figure 5(d)°1AE 150 mM NaCloll =<1
ALGS} PMDVENS 4l0] G5} G'E A AHE =)
ATt 53], Figure 5(d) A3ollA Er|2e Fi-2 slo]==
A gAo] BRlE o]F, | M FFIALE FY3 Fio|th A
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Figure 5. Change in elastic modulus (G') and viscous modulus (G")
during the formation of PMDV/ALG hydrogel (a, c, e); after the injec-
tion of 150 mM NaCl (b) or 1 M glucose (d, ).

317} AP A AejolA ALGY cis-diolEth FFH 9] cis-
diol#e] F3}Ho] 7] wj&o| G'3} Go] JHEHA &lo)
=2A49] Bal|7F dojuhal g HoFa Qlth o5 pH
7oA o] 2 A% TRz el SAll gt AsiE L 9]
22 & 4 JA sl=T}. Figure S(e, HolAlE= pH 99 that
ANE TAIEIATE A AFS A9 rE AR G G
o] wapE ol Ashrt dojyitiar Aet = Jdon, o
o] 1M FFAXE FYS T3l A Tl dF =S I
I AUk pH 3, 99 slo]=243} pH 79| slol=gde 7t
7ko] BEe 2 o] Ao|7t gdd] v & F AUtk S,
Astd wo] ¢ G pH 3941 2F 200 Pa, pH 7141 <F
900 Pa, pH 9914 <F 300 Paz SHESUt). o] & nlgo =z,
PMDV/ALG 3lo|=24L pH 794 t 93l Jejz A
Aok Ak 4= Qo T3 pH 794 A Eajlofl el &
o1sh o, NaCl &0l 52 ALG AFEAllE G G'o &
2l gkl oF 400 Paolw, o] 2 AR oz} VPBAS} 1,2-
diolZre] FHAFe =z sloj=2ao] A oz Aty
th. 5, pH 79llA= Hx714 ¥R o} F-H-A 3ol
o5l stol=2Ao] A= 7] wiEol pH 3, 9ollA FdE A
o} g gl o) vhEojx Ro 7 AzbEr)

Figure 6°l= PMDV/ALG 3to|=24 Ao L85e Al
7+ HovEHE S8E AHE BAET stol =24 A
Z2 A A F718A a3l zhzke] pHellAe] st A7k
2 pH 3914 50%, pH 7914 473, pH 9914 8602 =
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Figure 6. Gelation times of PMDV/ALG hydrogels at pH 3, 7, and
9 with and without added NaCl.
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Figure 7. P/C ratio of multilayered PMDV/ALG hydrogels. The
even and odd numbers correspond to PMDV and ALG as the out-
ermost layer, respectively.

A=A B3 150 mM NaCle] dafjdeo] F7HE 79, pH
3oﬂﬁ~ stol=24 Aol R1EA] 3ttt pH 73 99llA]
B 97%, 94584 2=t pH 79 A%, oleAddt a-f
= B3l slel=2Ao] YFAE 7] wiitel 7P W] sfol
2do] FAEE Aow AZET} pH 33 pH 92] 2%,
71z} o] A% FAURC R Tl Fx7} vhso] A=)
THAYETE ol 2A%e] e St U WE AL 2
). B9, Asfd 71 PMDVeF ALGZHE] o] L4984
Walle 745, VPBAS} 1,2-diolFo] F-FA g Bl A7t
o] Adel= AL & T UML) o] AHES v EE & ¢
AZo], 7} pHE Z PMDV/ALGZHE] slo|=24 Az o]
S5 B AFES FEAS I

HE slo|=2Ho| &0l ¥ CHEE EEX| &0l LbL 2%
FAEHE o] &l e stol=2A4 Az Hl| XPSE
o|-gstd W EA WS glste] Figure 700 =ASFAT
PMDVE PC &S 7HAAL 7] W&ol P/C H]&o] =4
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Figure 8. (a) SPR spectra with the injection of PMDV (1 mg/mL)
and ALG (0.3 mg/mL) loaded with and without VEGF; (b) shifts in
SPR angle as a function of number of layers; PMDV/ALG loaded
with VEGF (closed circle) and PMDV/ALG loaded without VEGF
(open circle).

e e Hhel, ALGS] 7, PMDVZ_H_E} P/C H]&o] Bt
19 gelet 42 AU} o)A AR pH 3, 7, 9ol we} A
SRR A] gFgkoLt, Al Fol ’Ml 255 P/C H&9] 2
o|7} Folt= AL PMDVE} ALGZL 410]7] w2l Ao s
LbLY O 2= 55 o] F5H A-E FHJ7}59 5A40] Akt
Zth= AL ow|git}?

Figure 8= SPRS o] &3l Aged =4 5 sl
VEGF @3 =] 715730l disll gRlgh A& el
T}, ol AL2E PMDV 890e pH 72 Z48IS0T, PMDV
T ALG 2 o]F PBS(pH 7)o & A sle I4S
49 WHESIATE pH 33 9ollA= Tl Wi o] fRle] H1
2 SPR A¥S P3| AUt} Figure 8 YER A=
HH, PMDVZ# VEGF 94]€ ALGZ| Y45 37}
o] F7H(Figure 8(a))e ST 4 AUt EgF SPR 7} o5



pH W34 EAtel dAMolER dE slo|=24e]

3+ A3} (Figure 8(b))°lX] PMDVS} VEGF BA¥ ALGE
o] QAo E AFHI US & F Al AR, PMDV
oF ALGRIOE A3E A9, ¥77te] $7F 8 SPR7} ©]F

°] VEGF ©#€ 4tHtt 7] a5 & o+ Atk 5, XL
A3 8L VEGE 93] 94 ol PBS A58 5
3] H)Eo|Fo g Sk 1:/_} A Tt 7BEAES g2 HS
A Bpsha YT 2B 3 9 Bl SPR 7} ol

el AAEA =7} oix:} VPBAS} cis-diol7+] A gtz
ALG/VEGFZ}e] ZAgo] 7Fs38l7] il Aoz Ayd 4=
ATE

2 =

2 A lA = UAE A PMDVEF ALGZR] 7]
A€ FHATS o] 83 slol=2A 9] Az W 19 U
EA H71E 3t} £3], PMDV/ALG slol =24
pH W3}l we} VPBAS] &4 ¥ DMAEMAS] ©]23}
o] o]oH U]-/\}:rLzE 63}\4}\] ].C 2 ]_7]. Qﬁl—_ ;q]o]aL 2= ol
Atk 53], pH 7oA = T2 T o] 2 4% 0 E slo|=2
Aol YA, FATF AFS Alste 2FZ A

Z slo|l=2Ae] HelE A= 4 AT TS LbL A5
S B g= o] o=z A Az 2 ALGE9] VEGF
A 7hs A slo|=2A ARE F3l o WE Al
sk 7FEsAE Eeld 5 AT

flo rob

=

#Alel 2: 2 d7e FFeluAIed e FoA
(B7-2441)& ZH do 2 gk AFA o] AHAYP ) g
2 =E] A a2 FA 2 ste|l=2 A 54 Bt
sl $7 =2ls)] 41 =5 o]A8leH(K. Ishihara) 25
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